A Look Into PULP Publications

Davide Rossi davide.rossi@unibo.it

@pulp_platform

PULP Platform pulp-platform.org < e
Open Source Hardware, the way it should be! youtube.com/pulp_platform »




PULP: The Origins

Project started in 2013

A collaboration between University of Bologna and ETH Zurich

= We wanted to start with a clean slate, no need to remain compatible to legacy systems,
no dependencies with any commercial [P

Original Academic/Research goal
= Push energy efficiency of loT computing systems as much as possible

= Create a compute platform and an ecosystem used for research on Computer Architectures by our team
as well as other groups in the World

Original Approach

= Exploit Open Source Ips as much as possible
= We'll never do a processor

= We'll never do a compiler
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Phase 0: Open (And Close) Source Processors Landscape Q%

= Reasonably Good Quality IPs

[ ] Area around 50 kGateS Architectural Requirements:

e DTCM interface
e PCACHE
= Open S
e n o u rce * Blocking bus interface
e User-defined extension interface
* Floating point unit

= Compiler Support . NOT obscatea 1.

e Instruction Set Simulator

[ | Co m m u n ity S u p po rt PROCESSOR PCACHE BUS FP.UNIT | RTL

VISIBLE

' STxp70 YES iE] YES | YES
REISCA YES CUSTOM NO ?
ARM CORTEX MO+ NO AMBA , NO (NO)
ARM CORTEX M3 NO AMBA NO (NO) ~27

| ARM CORTEX M4 NO AMBA YES (NO) ~38(FPU)

= We decided to go with OR1200 e s e e o o

LATTIEETico32 WISHB. NO | " ~30

= |ssues:

= No single cycle data interface g 234l -/b“;emmow SOETWA I

—_——m

= No Open Source ISS
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The Community Supporting OR1200 @ ORCONF 2013 Q%

ORCONF 2013 5-6/10/2013




OR1200 Microarchitectural Issues

datapath forwardpath

address _  stallsignal . changes -7 -
= Blocking LSU (2 cycles) U |
. _msni e — = i LSU [lsu dataout
= Blocking Multiplier (3 cycles) 2l [ I Y EI_'LE
. . rf dataa i:puei:daa'_: ALU e E
= |S 2>TCDM Combinational Path B | g
1 4 dk B o5 — ! 1 MULT
3 38 = 5 0 =
= No Support for compressed 5 4 F B 2 N |- 2 :
. . IC ! = — — = [l E
Instructions = ; s
icpu_adr o genpc i = SPRS
_—E freeze except
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fRC

First PULP Publication: Michael @ GLSVLSI

Customizing an Open Source Processor to Fit in an
Ultra-Low Power Cluster with a Shared L1 Memory

Michael Gautschi', Davide Rossi2, Luca Benini':2

! Integrated Systems Laboratory ? Electrical, Electronic, and Information Engineering
ETH Zurich, Switzerland University of Bologna, ltaly
{gautschi,benini}@iis.ee.ethz.ch {davide.rossi, luca.benini}@unibo.it
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The first “PULP cluster”: PULPv1 - TO Dec 2013

= 4-cores + IS cluster
= Logarithmic interco.
= |S + L2 Interco.

= L2 memory

= JTAG

logarithmic interconnect
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OR1200 == OR1200 ™8 OR1200 & OR1200

> I$ Interconnect (STBus)

....not really “Open Source”...©
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The Evolution of the Species: PULPv2 - TO Dec 2014

PULPv1 +

New (very rudimental)
but Open Source AXI
interconnect

Some new peripherals
(SPIM, SPIS)

Latch based IS
DVFS-ready

T
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logarithmic interconnect

OR1200 == OR1200 ™8 OR1200 & OR1200

I$ Interconnect (AXI)




The Evolution of the Species: PULPv3 - TO Dec 2015

PULPv2 +

OR1ON cores with
DSP Extensions

Hardware
Synchronizer

Shared Instruction
Cache (latch based)

/O DMA

= SPIM, SPI' S, UART, 12C,
12S, CAM
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In the mean time...something was happening on the other side of the world...



Wind of Change: First RISC-V Workshop, January 2015 .%

£ Muttitherman ETH ziirich

Para e Processing Ulira 'ow Power P atform

Diavide Rossi, Antondo Pullini, Igor Loi, Michasl Gautzchi and Luca Benim
DEl, University Of Bologna
Digital Circuits and Systems, Integrated Systems Laboratory (IE5), ETH Zdrich

»
.y BRI | 7] 1
B S SR e January 14-15, 2015
"5 o Marriott Hotel, Monterey, CA
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First Big Conference (PULPv1 =2v3) @ Hot Chips 27, Aug. ‘15
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PULP: A Parallel Ultra Low Power platform s Ol TR g
for next generation loT Applications " BENNSNRN RN NN
S AP 14, MR Tape out: Dec 2013 Tape out: Dec 2014
Giuseppe Tag ity A Capotondi', Philippe Flatresse?, Luca Benini”

1DEI UNIBO, ?lIS-ETHZ, *STMicroelectroncis CHIP FEATURES

CHIP FEATURES

15 (SOM)__ 4xioyto (prvate)
Gors &

Area dmm:
18 axikbyte (private)

16 kbyte
VDD range |0.45-1.2V

ETHzurich ¢

Tape out: Dec 2015

CHIP FEATURES
_ 4 kbyte (shared)
128 kbyte

VDD range |0.5-0.7V*

[’ Focus on Exploitation of FD-SOI technology (i.e. body bisasing)



Wind of Change...Open-Source Contributions at Hot Chips 27.%

“ @ NTTResearch

@ KALRAY AV [S RvAN,

A~ CRYPTOGRAPHY"
S

PULP: A Parallel Ultra Low Power platform A, RESEARCH
m—

for next generation loT Applications

Davide Rossi' n of Rambus

Francesco Conti’, Andrea Marongiu'2, Antonio Pullini?, Igor Loi”, Michael Gautschi,
Giuseppe Tagliavini', Alessandro Capotondi', Philippe Flatresse?, Luca Benini’?

'DEI-UNIBO, ?lIS-ETHZ, *STMicroelectroncis

"Basearch Q@ualcomw

ALGORITHMS IN LOGIC

HLL-

MIAOW: An Open Source GPGPU
WWW.miaowgpu.org

} _#A\SPIRE H{ / AMD

ISC-v

LOGILC

HTTPY//ALBO-LOGIC.COM

Raven: A 28nm RISC-V Vector Processor with
Integrated Switched-Capacitor DC-DC
Converters and Adaptive Clocking

Vinay Gangadhar, Raghu Balasubramanian, Mario Drumond, Ziliang Guo,
lai Menon, Cherin Joseph, Robin Prakash, Sharath Prasad, Pradip Vallathol,
Karu Sankaralingam

ORACLE

Yunsup Lee, Brian Zimmer, Andrew Waterman,
Alberto Puggelli, Jaeshwa Kwak, Ruzica Jevtic, Ben Keller,
Stevo Bailey, Milovan Blagojevic, Pi-Feng Chiu,
Henry Cook, Rimas Avizienis, Brian Richards,

Elad Alon, Borivoje Nikolic, Krste Asanovic

Vertical Research Group

University of Wisconsin - Madison

&Ehinow
& XILINX -

I3 TEXAS
INSTRUMENTS

University of California, Berkeley

SAMSUNG
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PULP Cluster with Shared LNU @ ISSCC 2016 (Feb ’16)

ISSCC 2016 / SESSION 4 / DIGITAL PROCESSORS / 4.6

4.6 A 65nm CMOS 6.4-t0-29.2pJ/FLOP@0.8V Shared
Logarithmic Floating Point Unit for Acceleration

of Nonlinear Function Kernels in a Tightly {mplomontation Detalls | Privala FPU | Shersa LN | ELM 12
cuuplm‘l Processor Cluster Technology 65nm LVT [ 65nm LVT | 180nm
Michael Gautschi', Michael Schaffner', Frank K. Giirkaynak’, el L el L
Luca Benini'? - max. Throughput [GFLOPS] 1.1 09 0.084
0. Power @100MHz, 1.2V, e o
'ETH Zurich, Zurich, Switzerland, *University of Bologna, Bologna, ltaly o B 25°C [mW] i '
— : : 5 g ’ Leakage @ 1.2V, 25°C [mW] | 2.823 3.019
Ghip [ero][ spi | | 16 KB L2 Mem | & Best FP-operator efficiency 50 64
T T e @08V [pJ/FLOP)
| SoC Bus | Precision (max err) [ulp] 05 0.478! 0.4541
o lavg. Inu/fpu utilization 0.21 0.37
Total area [kGE] 719 749
9 Single core area [kGE] 51.12 445
E : [Instruction support Private FPU | Shared LNU | ELM[1,2]
é Latency add/sub/casts | hw 2212 4/4/4 3/3(4)/ -
= ) hw 2/-/- 1mn 1M1
> Latency mul/div/sqrt *
- W -162/56 /- -/
9 hw - 444 -l-
— Latency exp/log *
E SW 51/85 -- -f-
w 1 precision compared to FP [3] Zincluding FPU 2 sw emulations: div
(range reduction, linear initial estimate and 3 Newton iterations), sqrt
(fast-inverse sqrt and 3 Newton iterations), log and exp (range reduction,
polynomials from “Computer Approximations”, J. Hart, 1978, ISBN
L ~ ) 0882756427)




Fulmine: Secure loT Endpoint SoC (Jan 2016)

= Focused on

Architecture
= 4 OR1ON cores _
- 12:192kB 2
= TCDM: 64 kB
§ logarithmic interconnect
= HWPEs: 2
= HWCE S';‘,(IVC OR10N [ OrR10N [ OR10N ¥ OR10ON
= HW CRYPT

1 1 1 1

L Py
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Fulmine: Pushing Heterogeneity with HWPEsI
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,,5 [ conv
AES
CDM TCDM TCDM s =
BANK BANK BANK k 1 DMa, other
SkB 8kB 8 kB! w g [ FRAM (px)
, [ : [ Flash (W)
N 1 core 4 core 4 core HWCRYPT HWCRYPT B s 0
@ kB (8 kB) (8 kB) CONV 1 core 1 care w/SIND 4 care w/SIMD HWCE 16116k HWCE 16x16b HWCE 8x16h HWCE 4x168
CORE 0 || CORE 1 || CORE 2 CORE3 v T I R R R
» B 90 b Ioad g i i 2001 S 0 A L 5 A0 s
o £ : ¥ . |
3 ICACHE -m i 1 %
£ c
%3 : i [ cony
£3 & & I Ass
&8 I DENSE
o [ DM&, other
AES 1 coe r 4 core HWCRYPT HWCRYPT HWCRYPT
(96 kB) HWCRYPT CONV L core 1 care w/SIMD 4 core w/SIMD HWCE 16x16b HWCE 16:16b HWCE 8x16b HWCE 4x16b
DENSE 1 coe 1 core w/SIMD 4 core w/SIMD 4 core w/SIMD 4 core w/SIMD 4 core w;SIMD 4 core w/SIMD
EEG Based Seizure Detectlon 2.1x less energy (Mostly SW)
0.35 m)
0.30 mJ 018 ml -1
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?E , i ik il | Igj
& | o i PP
== : i i i i @
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4 tore HWCRYFT
PCADWT, SVM .l mre 4 core A eore

Cluster good enough to run small end-to-end applications

I/0 still problematic 2 Unbalance, Latency (not board ready...)
ETH:zurich




Fulmine: IEEE Best Paper Award Q@

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOI.. o4, NO. 9, SEPTEMBER 2017 2451

An IoT Endpoint System-on-Chip for Secure and
Energy-Etficient Near-Sensor Analytics

Francesco Conti, Robert Schilling, Pasquale Davide Schiavone, Antonio Pullini, Davide Rossi,
Frank Kagan Gurkaynak, Michael Muehlberghuber, Michael Gautschi, Igor Loi, Germain Haugou,
Stefan Mangard. and Luca Benini

ETHZrich (0 s smss
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Jan 2016: Transition to RISC-V Completed!

3-cycle ALU-OP, 4-cyle MEM-OP-> only IPC loss: LD-use, Branch

Instr Memory

Instr Address| Instr Data Data Memory
Data Address Data

ETH:zurich

DSP ISA Extensions for an Open-Source
RISC-V Implementation

«»PULF

Align and Wr Parallel Ultra Low Power T
Decompress avide Schiavone
RF Davide Rossi
Michael Gautschi

v Eric Flamand

w Andreas Traber

Luca Benini

ETH:zurich

Jumps d Systems Laboratory

Branches

V1 Baseline RISC

Extensions for Data Processing
V2  Data motion (e.g. auto-increment) RISC V1
Data processing (e.g. MAC)

Domain specific data processing V2
V3 Narrow bitwidth
HW support for special arithmetic

ETHz(rich aM 4th RISC‘V WOI'kShop, Jal“l 2016.

V3
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|IEEE TVLSI Best Paper Award

2700 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLS SYSTEMS, VOI.. 25, NO. 10, OCTORER 2017

Near-Threshold RISC-V Core With DSP Extensions
for Scalable IoT Endpoint Devices

Michael Gautschi, Student Member, IEEE, Pasquale Davide Schiavone, Student Member, IEEE, Andreas Traber,
Igor Loi, Member, IEEE, Antonio Pullini, Student Member, IEEE, Davide Rossi, Member, IEFE,
Eric Flamand, Frank K. Gurkaynak, and Luca Benini, Fellow, IEEE

g‘:r-"_ig ALMA MATER STUDIORU
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Mr. Wolf SoC: First Board-Ready Chip (Dec 2018)

CLUSTER

L2

Bank A

bit RISC-V processor (Zero-RISKY)

= Rich set of peripherals + Autonomous
|O DMA Subsystem (Improved)

= Parallel Programmable Accelerator:
= First pulp chip with RISCY
= 4 Shared Floating Point Units ik il
= AXI-4 DMA featuring 2D addressing

capabilities

= Advanced power management
= 2 Switchable Power Domains e g et Fatis
= 2 low-power FLLs (IO, SoC, Cluster) . it
= On-chip DCDC and LDO (0.8V - 1.1V)

= First SoC with Fabric controller: 32- SoC E

Logarithmic Interconnect

Zero-
Event riscy

T

Cluster Bus

Peripheral Int.

SoC Power @ Always On Cluster Power Ring

ETHzirich




Mr. Wolf @ ESSCIRC 2019

PULP SoCs
PULPv2 FULMINE Mr.Wolf
[8] [9] (this work)
Technology FD-SOI 28nm | CMOS 65nm [ CMOS 40nm
flip-well LP
CPU 32-bit 32-bit 32-bit
OpenRISC OpenRISC RCVC32IMFX
FPU no No 2 shared
# of cores 4 4 1+8
1kBx4/ 4K/ 4K/
15/D5/12 48K8/ 64kB/ 64KB/
64kB 192kB 512kB
Power DCDC + LDO
Management clock gating | off-chip DC/DC + power
gating
72 -108 pyW
Sleep Power 200 pw 120 pW state ret.
10 Efficiency Low Mid High
Voltage range | 0.32V —-1.15V 3 _
(SRAMS) (0.45V — 1.15V) 0.8V-1.1V 0.8V-1.1V
Best
3.3 GOPS 4.2 GOPS 7 GOPS
performance
Best energy (193 MOPS/mW | 69 MOPS/mW MOIlé(l)mW
efficiency @ 162 MOPS @ 1.2 GOPS 2.2 GOPS
ETH:zurich

Mr.Wolf: A 1 GFLOP/s Energy-Proportional
Parallel Ultra Low Power SoC for IoT Edge
Processing

Antonio Pullini*, Davide Rossil, Igor Loi, Alfio Di Mauro®, and Luca Benini*f
*Integrated Systems Laboratory, ETH Ziirich, Gloriastr. 35, 8092 Zurich, Switzerland
{DEI, University of Bologna, Via Risorgimento 2, 40136 Bologna, Ttaly

——

Cluster Domain

7z \

More on Simone Benatti’s talk

More on Daniele Palossi’s talk



Vega: loT Heterogeneous SoC GREENWAVES }”

TECHNOLOGIES

- Trqnspre.msmn Float.mg' ISSCC 2021/ SESSION 4 / PROCESSORS / 4.4 . Jl 1
Point Units (16/32-bit float)’ e
44 A1.3TOPS/W @ 32GOPS Fully Integrated 10-Core SoC e 5
' for loT End-Nod ith 1.7uW Cognitive Wake-Up F s »
= 4 MB non-volatile MRAM MRAW-Based Stae-Retentve Slecp Mode £
. « o = |
(Weight Storage)*
g Antonio Pullini?3, Igor Lo#*, Jie Chen'?, Eric Flamand?®®, Luca Benini'? H ' ® |3
. P rog ra m ma ble Cog n Itlve 'University of Bologna, Bologna, Italy g - :
. *ETH Zurich, Zurich, Switzerland =1 / =
Wa ke-up Unlt based On H D *Greenwaves Technologies, Grenoble, France E : (I;gjl\i\%]i §
Computing -

Prototype implemented in GF 22FDX
flip-well LVT & SLVT cells, 12mm2 for Full SoC

g Mem Mem Mem Mem Mem

Py
o
@
=
=
(=]
o
bes
[
Pt
f=

Loganthmlc Interconnect

RISC- V-RISC V.RISC -VERRISC-V
core core core core
L11$ I L11$ L11$ L11$

"More on Luca Bertaccini’s talk
2More on Manuel Eggiman’s talk

L1.51%




State-of-the-Art Comparison

SleepRunner [2]  Mr.Wolf [3] SamurAl [4] VEGA
Embedded SoA Int & FP
NVM i ) Perf & Efficiency; 4 MB MRAM
Wake-up _ Boost of 4.3x & 2.8x »
Sources WiC GPIO, RT compared to Wolf iPIO, RTC, Cognitive
Best Int Perf. | 31 MOPS (32b) 12.1 GOPS 1.5 GOPS 15.6 GOPS

Best.Int Eff. 97 MOPS/mW (32b)j 190 GOPS/W | 230 GOPS/W 614 GOPS/W

@Perf. |@18.6 MOPS (32b)] @ 3.8 GOPS | @110 MOPS @7.6 GOPS
Best FP Perf. 1 GFLOPS 4 GFLOPS
Best FP EFf. i 18 GFLOPS/W 158 GFLOPS/W

@Perf k ® 2 GFLOPS
Best ML Perf. 36 GOPS 32.2 GOPS
Best ML EFf. i 1.3 TOPS/W 1.3 TOPS/W

@Perf @ 2.8 GOPS @15.6 GOPS

oo
CEE ALMA MATER STUDIORUM
Zurlc I?"."" INIVERSITA DI BOLOGNA




First Fully Integrated MobileNetV2 on an loT SoC 03

@ Vdd_SOC=0.8V, f SOC=250 MHz, f_CL=250 MHz

‘royale with chees

end-to-end on-chip computation 3.5x less energy
1.19mJ

weights on MRAM ﬁ | ‘ 416 mJ
weights on HyperRAM
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Energy per Inference [mJ]

mzurich ‘i"i' ALMA MATER STUDIORU
=
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MARSELLUS: Al-loT Heterogeneous SoC

ABB | 128KB Tightly Coupled Data Mem

Bank Bank Bank Bank
#0 #2 #4 #30

= XpulpNN + M&L
Extensions

= 2-8b Reconfigurable
Binary Engine for 3x3,  feior
1x1 DNN kernels |

= Adaptive Body Biasing
with on-the-fly control

DMA

vvvvvvvv

SOC interconnect

RBE i

8x Shared FPUs

CLUSTER 1 4KB L1.5 1$

LER] Pt
:’f‘@@ﬁ; ALMA MATER STUDIORUM
Zurlc %\;@QUNIVERSIT;\ DI BOLOGNA



MARSELLUS: Presented at ISSCC 2023

221  A124TOPS/W @ 136GOPS Al-loT System-on-Chip with 16
RISC-V, 2-to-8b Precision-Scalable DNN Acceleration and
30%-Boost Adaptive Body Biasing<br>

Francesco Conti', Davide Rossi', Gianna Paulin?, Angelo Garofalo?, Alfio

" Xp“'pNN + M&L Di Mauro?, Georg Ruetishauer?, Gianmarco Ottavi', Manuel Eggimann?,
. Hayate Okuhara', Vincent Huard®, Olivier Montfort?, Lionel Jure?, Hils
EXtenS|OnS Exibard®, Pascal Gouedo®, Mathieu Louvat®, Emmanuel Botted, Luca

Benini'-2

4.95 mm

= 2-8b Reconfigurable
Binary Engine for 3x3,
1x1 DNN kernels

= Adaptive Body Biasing
with on-the-fly control

ww 8/°¢

1.94 mm

ETHziirich @ s




State-of-the-Art Comparison (SW Programmable) Q%

VEGA [1] SAMURAI [2] DIANA [3]

Technology 22nm FDX 28nm FD-SOI 22nm FDX + AIMC 22nm FDX
2
Die Area 10 mm?2 4.5 mm?2 10.24 mm?2 18.7 mm

(cluster 1.9 mm?)
1x RV32CIMFXpulp | 1x RV32IMCFXpulp +

10x RV32IMCF Xpulp| 1x RV32IMCFXpulp

Cores - + Digital Accel. + |16x RV32IMCFXpulpnn
+ HWCE + Digital Accel. AIMC + RBE
Max Frequency 450 MHz 350 MHz 320 MHz 420 MHz

Power range 1.7 uW -49.4 mW 6.4 UW-96 mW | 10-129 mW (digital) | 12.8 mW - 123 mW

156 GOPS |€t=TECors ) EIF

Best SW (INT) Perf | 0 S0~ (" Machine Learning SW (16 Rl(?g\-l\i AMB&é_)ZXZb,
614 GOPS/W 230 Perf&f{.Eff‘C‘;nCy boost 1.66 TOPS/W
Best SW (INT)Eff | @ 7.6 GOPS @ 1 of 5.8x & 2.7x @ 19 GOPS
(1 compared to VEGA 16 RISC-V M&L 2x2b
_ 32.2 GOPS 36 GOPS 180 GOPS (Digital) 637 GOPS
Best HW-Accel Perf (HWCE) (Digital Accel.) | 29.5 TOPS (AIMC) |(RBE 2x2b, 0.8V+ABB)
1.3 TOPS/W 1.3 TOPS/W 4.1 TOPS/W 12.4 TOPSIW
Best HW-Accel Eff| @ 15.6 GOPS @ 2.8 GOPS (Digital), 600 @ 136 GOPS
(HWCE) (Digital Accel.) | TOPS/W (AIMC) (RBE 2x2b)

LX) . (R,
HUEEY ALMA MATER STUDIORUM
zZuric 23k UNIVERSITA DI BOLOGNA



State-of-the-Art Comparison (HW Accelerated)

VEGA [1] SAMURAI [2] DIANA [3] MARSELLUS
ISSCC’21 VLSIC’20 ISSCC'22 (this work)
Technology 22nm FDX 28nm FD-SOI 22nm FDX + AIMC 22nm FDX
Die Area 10 mm? 4.5 mm? 10.24 mm? L& (Gl
(cluster 1.9 mm?)
1x RV32CIMFXpulp | 1x RV32IMCFXpulp +
Cores L R\PHZ\','\\/"SEF ARl 1X+Rg.32.t”\f2Fxﬁ“'p + Digital Accel. + |16x RV32IMCFXpulpnn
igital Accel. AIMC + RBE
Max Frequency 450 MHz 350 MHz 320 MHz 420 MHz
Power range 1.7 uW -49.4 mW 6.4 uW-96 mW | 10-129 mW (digital) | 12.8 mW - 123 mW
90 GOPS
Best SW (INT) Perf 285]%(5;8'?/8) (11'%%%'?\?) i (16 RISC-V M&L 2x2b,
0.8V+ABB)
614 GOPS/W 230 GOPS/W 1.66 TOPS/W
Best SW (INT) Eff @ 7.6 GOPS @ 110 MOPS - @ 19 GOPS
8 RISC- (1 RISC-V)
Best HW-Accel Perd 32.2 GOPS 36 GOPS 180 GOPS (Digital), 637 GOPS
(HWCE) (Dig DNN Acceleration  pjmC) .8V+ABB)

Best HW-Accel Eff

1.3 TOPS/W
@ 15.6 GOPS

ETHzurich ¢

ER §
AR ERAT S

1.3 Perf & Efficiency boost i/

@ :
(Digital Accel.)

>10x w.r.t. VEGA

500
TOPS/W (AIMC)

12.4 TOPS/W
@ 136 GOPS

+®




Shaheen: Heterogeneous Application Class SoC

= Secure Heterogeneous JUSHT — pission e s
Application Processor contRoL  CONTROL APPLICATIONS
= CVA6
= H-Extensions 2BAO, Sel4
- T|m|ng Channel attack protechon HETEROGENEOUS TOOLCHAIN ( HOST RV64 + PMCA RV32)

= PULP Cluster with Mixed- | PARALLEL MULTI-CORE ACCELERATOR
Precision Extension (PMCA)

= HyperRAM Memory Controller .
" Up tO 512 Mblt i Interconnect

= Upto 1.6 Gbit/s

RV

HyperRAM
Mem ctrl

More on Angelo Garofalo’s talk

e

ETHzurich 5 sueamsmsisiy



Shaheen to be presented @ Hot Chips 2023

Shaheen: An Open, Secure, and Scalable RV64 SoC for '

Autonomous Nano-UAVs >|<

L. Valente*, A. VeeranY, M. Sinigaglia*, Y. Tortorella*, A. Nadalini*, N. Wfstofff B. Saf, A. Garofalo*, R. Psiakis**,
M. Tnlba1 A. Kulmala**, N. Lq’naye 0. ‘imanog]u§ S. Elntoi D. Palossi|
Umvuslt_v of Bologna, Italy, ' Khali
* Technology Innovation Institute, UAE

L. Benini T B. Ma:)hammad1T D. Rossi* Universidade do Minho
faU névcrmly UAE, ' ETH Ziirich, Sw1l.acrldnd f UI].lVCI'bldddc do Minho, Portugal,
New York University Abu Dhabi, UAE, | IDSIA USI-SUPSI, Switzerland

Khalifa University

Technology
TII Innovation
. . . Institute
Single SoC mission
computer for nano-drones

Q&é

Flight computer for
30 standard drones

USI/SUPSI
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PULP Master Student Chips @ ESSCIRC 21, 22,

Dustin, ESSCIRC 2021

A. Garofalo et al.

16-Cores Vector Lockstep Execution
Mode RISC/V Cluster for Inference of
Quantized Neural Networks in

65 nm CMOS.
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Darkside, ESSCIRC 2022

A. Garofalo{ et al.
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Specialized Heterogeneous RISC-V
Cluster for Inference and Training of
Deep Neural Networks in 65nm CMOS.

ISCAS 2023 4%
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Echoes, ISCAS 2023

M. Sinigaglia, et al.

Specialized Heterogeneous SoC
for Audio and Frequency-Domain
Processing in 65nm CMOS.
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Parallel Ultra Low Power

Questions?

J; http://pulp-platform.org , @pulp_platform



